Abstract
INTRODUCTION
Zinc (Zn) is essential mineral that is required for growth, bone development, enzyme structure and function, reproduction and eggshell formation due to its function as a component of carbonic anhydrase, which transports carbonate ions during eggshell formation in all birds. It is known that organic sources of Zn present greater bioavailability than inorganic sources for poultry (Wedekind et al., 1992) . Zinc glycine (Zn-Gly) chelates, which are better in terms of structural stability and neutral electrical charge, have higher stability than zinc methionine chelates (Kratzer and Vohra, 1986; Zhang et al., 2017) . Olgun and Yildiz (2017) report that a glycine chelate of Zn is more effective than nano or inorganic sources in improving eggshell quality in laying hens. With developments in nanotechnology, nanotechnological products have begun to be used in animal nutrition. Tsai et al. (2016) indicated that the Zn bioavailability in different Zn sources was as follows: nano-Zn > organic Zn >ZnO, and exhibited significant difference between groups. Mohammadi et al. (2015) demonstrated that nano-Zn has positive effects on performance parameters of broilers. This may be because the nanosized Zn can be better absorbed in the intestines of poultry (Tsai et al., 2016) . However, Olgun and Yildiz (2017) report that supplementation with nano sources of Zn negatively effects the eggshell thickness and bone biomechanical properties in laying hens. In some studies that determine the bioavailability of minerals, relative availability estimates based on mineral accumulation of tissue during short-term and high-level supplementation show similar results with low level additions in poultry (Ledoux et al., 1991; Zanetti et al., 1991; Aoyogi and Baker, 1993; Sandoval et al., 1997; Nica et al., 2016) . Sandoval et al. (1997) showed that bioavailability estimates were similar when Zn was supplemented at high or low levels; and highlevel addition of minerals could reduce the notional relative impact of other factors such as feed, water and samples. High numbers of replicates were needed to obtain statistical significance. Our recent study found that the addition of nano Zn to the diet, at the level of need or slightly higher, was notas effective as anticipated in laying hens (Olgun and Yildiz, 2017) . Therefore, the present study hypothesised that the effects of the addition of different sources of Zn at high-levels in the diet could be better determined by assessing the performance, eggshell quality and bone characteristics in layer quails. Furthermore, there are limited data addressing the effects of highlevels of different forms of dietary Zn in quails. Thus, the purpose of this study was to determine the effect of different sources of Zn added to the diet at high levels on performance, eggshell quality and biomechanical characteristics and mineral content of bone in layer quails.
MATERIALS AND METHODS
A total of 120, 12-week-old, Japanese layer quails were randomly distributed among six experimental groups. In each experimental group there were five replicates, each comprising four quails. For 12 weeks the birds were fed six experimental diets containing two high concentrations (200 or 300 mg/kg) of Zn supplied as ZnO, Zn-Gly or nanoZnO. The experimental diets were balanced to meet or exceed the nutritional requirements of Japanesequails (NRC, 1994) and formulated to be isocaloric and isonitrogenous, with only the levels (four or six times the level recommended by NRC (1994))or sources of Zn being different ( Table 1 ). The birds were housed in individual layer cages in an environmentally controlled room (23) (24) (25) o C) equipped with 30 metal battery cages (30x35x20 cm). They were offered feed and water ad libitum throughout the experiment (12-25 weeks of age). Light was provided for 16 h/d from 06:00 to 22:00 h throughout the experimental period. Criteria specified by the NIH (National Institute of Health Guide for the Care and Use of Laboratory Animals) were followed during the study period. The body weights of the quails were recorded by weighing the birds at the beginning and end of the experiment. Egg production (EP) was recorded daily. Feed intake (FI) was calculated as the average for the sub-group, and egg weight (EW) was recorded biweekly. Egg mass (EM) was calculated from the biweekly EP and EW data using the formula EM = (EP x EW)/period (days). The feed conversion ratio (FRC) was calculated using the formula FCR = FI / EM. The eggs were examined to determine eggshell quality characteristics (shell breaking strength, shell weight, and shell thickness) for all collected eggs produced during the last three days of the study. Eggshell breaking strength was measured using a cantilever system, by applying increasing pressure to the broad pole of the shell using an Egg Force Reader (Orka Food Technology Ltd., Ramat Hasharon, Israel). The eggs were then broken and the eggshell, albumen, and yolk were separated and weighed. Eggshells were weighed using a 0.01 g precision scale. Eggshell weight was calculated with the formula: eggshell weight
Eggshell thickness (including the membrane) was determined at three points on the eggs (one point on the air cell and two randomised points on the equator) using a micrometer (Mitutoyo Inc., Kawasaki, Japan). Birds (one quail per replicate and five quails per treatment group) were killed humanely by cervical dislocation, and then the left and right tibias with some attached flesh were collected. Bones were excised from all flesh and proximal cartilage was removed. While the left leg bones were used for the determination of mineral content, the right bones were used for measurements of bone biomechanical properties. The sample tibias were placed in a plastic container and stored at -20ºC until analysis. The tibias were thawed at room temperature for 6 h in an air-conditioned room before measurements. The tibia biomechanical properties were determined from a loaddeformation curve generated from a three-point bending test (ASAE, 2001 ) using an Instron Universal Testing Instrument (Model 1122; Instron, Canton, MA) and the Test Works 4 software package (version 4.02; MTS System Corporation, Eden Prairie, MN). The crosshead speed was constant at 5 mm per min. The fullscale load of the load cell was 5.000 Newtons (N). Shear force tests were performed on the tibia using a double-shear block apparatus. The shear force was exerted over a 6.35mm (0.25inch) section located at the centre of the diaphysis. These tests enabled the ultimate shear force and shear stress to be evaluated for each bone. The diameter and wall thickness of the tibia were measured using digital callipers (precision of 0.001 mm) at two points on the central axis of the tibia that was used to determine the mechanical properties. The shear stress was calculated using the formula Shear stress = Shear force/(π x (diameter of tibia/2)2 -(cavity diameter of tibia/2). These mechanical properties of the bone are described by Wilson and Ruszler (1996) and Armstrong et al. (2002) . Bone mineral contents were determined by using MarsXpress Technology Inside and an Inductively Coupled Plasma Atomic Emission Spectrometer (Vista AX CCD Simultaneous ICP-AES, Varian, Mulgrave, Australia). Approximately 0.20g of dried sample (bone with marrow removed) was introduced into a burning cup and 5 mL nitric acid, 3 mL perchloric acid and 2 mL hydrogen peroxide were added. The sample was incinerated in a MARS 5 Microwave Oven (CEM, Corp., Mathews, NC, USA) at 190°C and 1.207 kPa pressure, and subsequently diluted to 25 mL with distilled water (Skujins, 1998) . Data were subjected to ANOVA by using the general linear model procedure (GLM) in Minitab (2000) . Duncan's multiple range tests were applied to separate means (Duncan, 1955) . Differences were considered as significant when the P value was less than 0.01 or 0.05.
RESULTS AND DISCUSSION
The BWC, EP, EW, EM, FI and FCR are shown in Table 2 . There were no statistically significant differences in performance parameters between treatment groups (P>0.05) except in EP. The addition of 300 mg/kg dietary Zn increased EP in layer quails, compared with 200 mg/kg. The EP was significantly (P<0.01) lower in the interaction group ZnO x 200 than in the groups fed ZnO x 300 or nano-Zn x 300 (P<0.01). The eggshell quality parameters are shown in Table 3 . The dietary Zn sources and levels as main factors had no effect on egg damage, egg breaking strength, eggshell weight or eggshell thickness (P>0.05). The interactions between sources and levels of Zn had significant (P<0.05) effects on eggshell breaking strength and eggshell weight. The highest eggshell breaking strength and eggshell weight were obtained for the group fed with Zn-Gly x 300. Also, the lowest eggshell breaking strength and eggshell weight were obtained for the group fed nano-Zn x 300. The biomechanical properties and mineral contents of bone are presented in Table 4 . There were no significant differences in shear stress or in Ca, P or Mg content of bone between the treatment groups (P>0.05). The shear force was significantly affected by the level of Zn (P<0.05), but not by its sources or interactions between Zn source and level. The shear force was dramatically reduced at 300 mg/kg supplementation with Zn. The source and level of Zn as main factors had significant effects on the concentration of Zn in the bone. The addition of 300 mg/kg Zn significantly increased bone Zn content in layer quails. In present study, the EP increased with the addition of 300 mg/kg Zn compared with 200 mg/kg Zn. In the interaction groups, the highest EP was observed for the group fed with ZnO x 300 in the diet. These results contrast with the findings of Olgun and Yildiz (2017) and Tsai et al. (2016) who noted that EP in laying hens was not influenced by Zn sources (ZnO, ZnSO 4 , Zn-Gly and Nano-Zn) or levels (from 50 to 100 mg/kg), or their interactions. Similarly, Tabatabie et al. (2007) demonstrated that EP was not affected by dietary addition of Zn (25 or 50 mg/kg) in laying hens. Some other studies have reported that EP is positively affected (Idowu et al., 2011; Bahakaim et al., 2014) or not affected (Hudson et al., 2004) by Zn sources. Both Zn levels added to the diets in the present study were able to meet the nutritional Zn requirements of quails. Therefore, this difference in EP may have been due to changes in FI and body weight gain between the Zn groups. However, birds in the group supplemented with 300 mg/kg Zn had slightly higher FI and a slightly lower body weight gain compared with the 200 mg/kg Zn group. The eggshell breaking strength and eggshell weight were significantly higher in the interaction group fed a diet containing Zn-Gly x 300 than in the group fed Nano-Zn x 300. Olgun and Yildiz (2017) and Tsai et al. (2016) reported that eggshell breaking strength and eggshell weight were not influenced by different Zn sources (ZnO, ZnSO 4 , Zn-Gly and nano-Zn) or levels (from 50 to 100 mg/kg) or their interactions in laying hens. Hudson et al. (2004) and Namra et al. (2009) demonstrated that the addition of different sources of Zn (160 or 50 mg/kg) did not alter eggshell breaking strength in breeder broilers and quails, respectively. Idowu et al. (2011) reported that supplementation of different forms (ZnO, ZnSO 4 , ZnCO 3 and Zn-proteinate) of Zn did not effect on eggshell parameters including eggshell breaking strength and eggshell weight in laying hens. Bahakaim et al. (2014) reported that the eggshell weight was not affected by inorganic or organic Zn in laying hens. Eggshell contains a large amount of Ca, and the Ca content of the eggshell is one of the factors effecting eggshell quality. On the other hand, Zn effects on eggshell quality via the carbonic anhydrase enzyme, which plays a role converting Ca into CaCO 3 that is needed for eggshell formation (Keshavarz, 2001) . As seen in Table 4 , the addition of Gly-Zn significantly increased the Zn concentration in bone.
Likewise, Gly-Zn may cause the accumulation of Zn in the eggshell or absorption of Ca from the intestine. Olgun and Yildiz (2017) reported that Gly-Zn addition to the diets positively affected eggshell quality parameters such as eggshell thickness in laying hens. The present study shows that dietary supplementation of 200 mg/kg Zn significantly increased the shear force of bone compared with the 300 mg/kg group. This result was similar to that of Stofanikova et al. (2011) and Olgun and Yildiz (2017) , who showed that bone biomechanical properties were affected by Zn supplementation in poultry. However, Swiatkiewicz and Koreleski (2008) indicated that supplementation of different levels of Zn had no effect on the mechanical characteristics of bone in laying hens. However, the Zn levels added (from 30 to 100) in those studies were lower compared with the current study. The bone Zn concentration was significantly higher in the group fed Zn-Gly in comparison with ZnO or nano-ZnO. Similarly, Kwiencien et al. (2016) noted that supplementation with Zn-Gly (25, 50 or 100 mg/kg) increased Zn concentration in the bone in broilers. Idowu et al. (2011) and Olgun and Yildiz (2017) reported that supplementation of different sources of Zn did not effect on the tibia Zn concentration in laying hens. The bone Zn content significantly increased in quails fed 300 mg/kg Zn. This result was similar to previous studies, which reported that the concentration of Zn in the bone increased with the concentration of Zn (from 5 to 320 mg/kg)in the diet, regardless of the form of Zn added (Mohanna and Nys, 1999; Ao et al., 2006; Rossi et al., 2007; Sunder et al., 2008; Idowu et al., 2011; Olgun and Yildiz, 2017) . Bartlett and Smith (2003) reported that tibia Zn content increased with increasing Zn level in broilers and laying hens, respectively. In the present study, considering the two factors in combination (sources and levels of Zn), the Zn content of bone notably increased in the subgroup receiving Zn-Gly at the 200 mg/kg level compared with the other subgroups. Olgun and Yildiz (2017) reported that interactions between sources and levels of Zn did not effect on Zn concentration in the tibia in laying hens. Mohammadi et al. (2015) reported that the lowest tibia Zn content in broilers was observed when they were fed diet without Zn, and Zn tibia level was higher in broilers fed with supplemented Nano-Zn compared with inorganic Zn (ZnSO 4 ). Glycine, which is lower in molecular weight than methionine or lysine, has a more stable structure. Therefore, the absorption of glycinebound Zn in the intestines and its use in the body may be more efficient than that of nanoZn. Thus the Zn-Gly chelate may have a more positive effect on mineral metabolism than other chelates of Zn.
CONCLUSIONS
As a result, contrary to expectations, it can be said that addition of nano Zn to layer quail diets is not advantageous compared with the organic source. There is a need for comparative studies between the glycine-bound form of Zn and other organic and nano Zn sources.
